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The acoustical behaviour of automotive cars is a very important point for customer ac-
ceptance. Because of past research the sound of cars with internal combustion engine (ICE) is 
very advanced. For the acoustical development of ICE cars a lot of noise vibration and harsh-
ness (NVH) simulation tools are used. Due to environmental pollution and decreasing oil re-
serves electric cars are becoming more relevant. For successful integration in our society the 
technology needs to meet the customers’ requirements. To meet these demands NVH-
Simulation tools are necessary to design the acoustical behavior of electric machines. One 
important part of an electric machine is the stator since the acoustically dominating radial 
forces are acting on the stator-teeth. The structure-borne noise is transmitted through the sta-
tor and the stator housing. At the surface of the stator housing the structure-borne noise turns 
into airborne noise. Whereas the development of a finite element (FE) model of the stator 
housing is easy to handle, the stator is more complicated to model. The particular challenge 
lies in modeling the transversely isotropic material behavior of the stator, resulting from its 
lamination. 
This paper presents a validated method for an easy workaround to find the simulation pa-
rameters for a permanent magnet synchronous machine (PMSM) stator with windings up to 
high frequency range. An NVH-Simulation model for the stator will be obtained. That can be 
combined with a housing model in further simulation steps. 
The parameters for the transversely isotropic material model are systematically determined 
in several steps based on an analytical background. The model development process is based 
on reproducing the measured eigenmodes in both frequency and shape. The results are vali-
dated by using MAC-matrices. Parameters for modal damping are determined by comparison 
of simulated frequency response functions (FRFs) to measured data. 
 
1. Introduction 
The acoustical behaviour of automotive cars is a very important point for customer acceptance. 
Because of past research the sound of cars with internal combustion engine (ICE) is very advanced. 
For acoustic development of ICE cars a lot of noise vibration and harshness (NVH) simulation 
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tools are used.Due to environmental pollution and decreasing oil reserves electric cars are becoming 
more relevant. For successful integration in our society the technology needs to meet the customers’ 
requirements. 
Therefore NVH-Simulation tools are necessary to design the acoustical behavior of electric ma-
chines. One important part of an electric machine is the stator since the acoustically dominating 
radial forces are acting on the stator-teeth [1]. The structure-borne noise is transmitted through the 
stator and the stator housing [2]. At the surface of the stator housing the structure-borne noise turns 
into airborne noise. Whereas the development of a finite element (FE) model of the stator housing is 
easy to handle, the stator is more complicated to model. The particular challenge lies in modeling 
the transversely isotropic material behavior of the stator, resulting from its lamination [3]. This pa-
per presents a validated method for an easy workaround to find the simulation parameters for a 
permanent magnet synchronous machine (PMSM) stator with windings up to middle frequency 
range. In the scope of this examination neither the housing nor the rotor are taken into account. An 
NVH-Simulation model for the stator will be obtained. That can be combined with a housing model 
in further simulation steps. In [3] the typical mode shapes of a real stator without windings are de-
scribed. One important point is that, because of the laminations, the stator has no radial motion with 
radial shearing components. Only radial modes without shearing are measureable. That means the 
stator itself has a very small shear modulus in transverse direction. The material properties of the 
stator of a switched reluctance motor were determined using ultrasonic measurements in [4] and [5]. 
However, an isotropic material was assumed in all calculations. Young’s modulus was calculated 
using an assumed poisson’s ratio. Only the frequencies were compared with measured eigenmodes 
when examining the results. A transversely isotropic material model was used in [6] to model the 
behaviour of a stator. The parameters used were estimated by examining only radial modes with no 
shearing component. Additionally, the effect of the stator winding on the measured eigenmodes was 
examined. The surface displacements on a claw pole generator under load are examined in [7]. 
Again, a transversely isotropic material model was used. However, no details are given on how the 
parameters were determined. In [8] an optimization process is presented to determine the parame-
ters of the transversely isotropic material of the Stator without windings. Neither are details about 
the fitting process provided nor is the influence of the windings considered. Parameters for a stator 
without windings were extracted based on measurements on laminated cuboids in [9], combined 
with a FE-optimization process. The model of the stator was to be combined with a model of the 
windings. The fitting in FE considered the effect of interaction of the stator with the windings and 
grouting. These works delivered important information about the behaviour of the machine part. 
However, a lot of fitting calculations were needed and the modal shapes of the assembled System 
(stator, windings, grouting) were not directly validated. In conclusion, there is at the moment no 
easy and transparent method to determine the parameters of the transversely isotropic material of 
the stator of a PMSM.  
The basic approach of the method presented here is to deploy the measured modal shapes, 
eigenfrequencies as well as isolated frequency response functions. No extensive shaker measure-
ments have to be performed, only hammer based modal measurements are required, which are fast 
to carry out and easy to handle. The material parameters can be determined in a comprehensible and 
systematic way since the method is based on analytical assumptions.  
2. Measurements 
The measurements required for the experimental modal analysis are performed both on the stator 
with and without windings. As mentioned above, an impact hammer is used to excite the structure; 
the response was measured using a single triaxial accelerometer. The measuring points were select-
ed considering symmetry and the mode shapes to be expected. The aim was to select as few points 
as possible in order to keep the effort in performing the measurements small. At the same time, a 
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sufficient number of points were required to be able to separate the eigenmodes to be measured. A 
total number of 24 points were selected on the outer surface of the stator. The modal assurance cri-
terion (MAC) was used to verify whether the modal shapes can be separated using these points [10]. 
For this, a numerical eigenfrequency extraction using an isotropic material (using the material pa-
rameters of electric steel) was carried out on the stator. This is based on the assumption that an iso-
tropic model will have a subset of modes having shapes similar those of the transversely isotropic 
model, albeit with different eigenfrequencies. In the case of a transversely isotropic stator, this sub-
set will contain all modes with no shearing component. The AutoMAC-matrix using data extracted 
from the simulation is shown in Fig. 1.  
 
Figure 1. left: AutoMac for simulation, right: AutoMac for Measurement 
 
The results show that all modes up to the 36th can be separated by using the points selected for 
the measurement.  
 
 
Figure 2. Mode shape with radial motion and shearing of the stator including windings extracted from meas-
urement compared to the simulated mode shape. 
 
The auto-MAC-matrix calculated from data obtained in the measurement, shown in Fig. 1, indi-
cates that the choice of points was valid, since all extracted modes are clearly separable. The ex-
penditure of the measurement could successfully be reduced by limiting the number of points to be 
measured. 
The mode shapes of the stator without windings show no modes with shearing as discussed 
above. But the extraction of the modal shapes of the stator with windings shows that now a radial 
motion with shearing develops (Fig. 2). Therefore, the merge of stator and windings increases the 
transverse shear modulus of the assembly. Thus, the effect of the windings cannot be described only 
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by a mass influence, but needs to take the change in stiffness into account. A similar conclusion is 
reached in [6]. 
3. Modeling 
For the definition of a transversely isotropic material behavior five parameters are needed [11]: 
ܧ௧ – Young’s modulus “transverse” ܧ௣ – Young’s modulus “in-plane” 
ߥ௣ – Poisson’s ratio “in-plane” 
ߥ௣௧ – Poisson’s ratio, characterizes “transverse” strain resulting from stress “in-plane” 
ܩ௧ – Shear modulus “transverse”. 
The Shear modulus “in-plane” ܩ௣ can be derived by the equation 
(1) ܩ௣ ൌ ா೛ଶሺଵାఔ೛ሻ.      
and ߥ௧௣ is related to ߥ௣௧ by 
(2) ஝౪౦୉౪ ൌ
஝౦౪
୉౦ .        
With these parameters the stress-strain relationship can be defined: 
(3) 
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Based on measured modal shapes and eigenfrequencies it is possible to determine the parameters 
for the NVH-simulation. The method developed here assumes that the stator with windings can rep-
resented as a one part simulation model, i.e. that the material definition will be done only for one 
part, which describes the entire complex assembly up to middle frequency range. The basic FE-
geometry is the stator itself without windings. The method consists of the following steps: 
1. Determination of ܧ௣, based on eigenfrequencies 
2. Determination of ܩ௣, based on Eq. (1) 
3. Determination of ܩ௧, based on eigenfrequencies 
4. Determination of ܧ௧, based on eigenfrequencies 
5. Determination of ߥ௣௧, based on modal shapes 
Step 1: Adjustment of E୮from radial modes without shearing 
Some shapes are characterized only by radial movement and others by radial movement overlaid 
by a shearing component [3]. E୮ can be easily determined by examining the former. If an isotropic 
part consists of only one material and the Poisson’s ratio is kept constant, modifications in Young’s 
modulus have no effects on the mode shapes of, thin, circular, cylindrical shells of finite length. 
Only the eigenfrequencies will be shifted with changing modulus [13]. Based on the assumption 
that the influence of changing Young’s modulus is negligible for the shapes of radial modes, the 
following process is elaborated for Step 1. First, an isotropic stator model, based on the stator ge-
ometry without windings, is needed. The material density is fitted in such a way that the total mass 
in the simulation coincides with the mass of the real stator with windings. The underlying assump-
tion is a uniform distribution of the windings’ mass on the stator. The Poisson’s ratio of steel, 
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ν ൌ 0.3, will be used. The eigenfrequencies and shapes of the model are extracted in a numerical 
modal analysis. An experimental modal analysis delivers the shapes and frequencies for the stator 
with windings. First the attention is focused on shapes without shearing ( ௡݂௢	௦). In these modes, the 
stiffness depends primarily on ܧ௣ . Therefore it is possible to fit E୮  in such way that the 
eigenfrequencies of modes without shearing match between simulation and measurement. For a 
purposeful fitting the following relationship can be used: 
(4) ௡݂௢	௦ ∝ ඥܧ௣. 
In this way it is possible to get a satisfying value in one or two steps. The result after fitting is 
shown in Fig. 3. 
 
Figure 3.  Fitted model after step 1 compared to measurement 
Step 2: Determination of ܩ௣ 
The shear modulus in plane (ܩ௣) can be calculated with Eq. (1). Again, the Poisson’s ratio 
ߥ௣ ൌ 0.3 of steel will be used. 
Step 3: Fitting of G୲ using radial modes with shearing  
Now a model with a transversely isotropic material is needed. The Density, ܧ௣, ߥ௣, and ܩ௣ have 
already been determined. In this step the transverse shear modulus G୲ will be fitted in accordance to 
the eigenfrequencies of the modes 	݂௦ containing shearing. The value of the eigenfrequency is now 
primarily characterized by ܧ௣  and ܩ௧ . Therefore, the relationship between shear modulus and 
eigenfrequency does not follow the same proportionality as the one between Young’s modulus and 
eigenfrequency, described in Eq. (4), present for mode shapes without shearing. For the fitting an 
underproportional relationship should be assumed. In this case the following relationship proved to 
be suitable: 
(5) 	 	݂௦ ∝ 0.5 ∙ ඥܩ௧.	 	
In a few steps the results presented in Fig. 4 can be achieved. The maximum deviation between 
measured and simulated eigenfrequencies occurs at higher frequencies, but a maximum of five per-
cent are quite a good result for such a complex part. 
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Figure 4. left: before manual fitting process, right: after manual fitting process 
Step 4: Determining E୲ with axial mode shapes 
In Step 4 the axial mode shapes of the stator are needed. The representing stiffness for this type 
of eigenfrequency is characterized by the axial Young’s modulus E୲. The process is identical to the 
one presented in Step 1.  
Step 5: Determining ߥ௣௧by comparing modal shapes using MAC-Matrix 
By using the modal assurance criterion (MAC), a fast and objective process is given to check the 
quality of simulated modal shapes [10]. The poisson’s ratio couples stresses and strains in different 
directions (“in plane” and “transverse”) and therefore influences the modal shapes. The comparison 
between measurement and simulation by means of the MAC-Matrix allows to fit the poisson’s ratio. 
First, the influence of a changing ߥ௣௧ value should be determined. Taking into account material sta-
bility, the possible range for ߥ௣௧ for this case can be calculated using the relationship given in [12]: 
(6) 1 െ ߥ௣ଶ െ 2ߥ௧௣ߥ௣௧ െ 2ߥ௧௣ߥ௣௧ߥ௣ ൐ 0	
By using values gained from Steps 1 to 4, combined with Eq. (2), the maximum value for ν୮	 can 
be determined. Mode Shapes for two different ν୮୲ values will be calculated and compared in Fig. 5.  
 
Figure 5. MAC-Matrix for simulation model with different poisson’s ratios 
 
It can be seen that the influence of ν୮୲ is relevant only for higher mode numbers. Therefore it is 
recommended to hold the value from Step 1 (ν୮୲ ൌ 0.3). Should the MAC-Matrix indicate that the 
eigenmodes of lower frequencies change clearly, the new ν୮୲ value needs to be found in some itera-
tion steps. After this step it is necessary to check whether the eigenfrequencies have changed or not. 
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4. Validation of the modeling process 
The usage of the determined parameters and calculation of mode shapes leads to the MAC-
Matrix in Fig. 6. Some mode shapes are very hard to derive from the measurement because the 
eigenfrequencies are very close together (double modes [10]) due to which few MAC-values are 
below 0.8. The comparison between measurement and simulation shows a very good result 
achieved by the using the presented method.  
 
Figure 6. MAC-Matrix for simulation and measurement 
 
Now, the model has parameters as shown in Table 1. 
Table 1. Parameters of resulting simulation model 
Parameter Value Unit 
Density 11,369.0 Kg/m3 
ܧ௣ 210,000.0E06 
N/m2 ܧ௧ 18,700.0E06 
ܩ௧ 34,500.0E06 
ߥ௣௧& ߥ௣ 0.3 - 
In addition, a final check for the damping values is necessary and can be done by comparing fre-
quency response functions (FRF). For the comparison two outputs with different directions are 
used. The output of the points P refers to the same excitation point F shown in Fig. 7.  
 
Figure 7. Excitation and Output 
At the end the simulation model is characterized by the damping parameters shown in Table 2.  
Table 2. Damping Parameters of resulting simulation model 
Modal damping for radial modes 0.0025-0.008 - 
Modal damping for radial modes with shearing 0.015-0.019 - 
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The comparison after fitting is shown in Fig. 8. The results are very good up to 2700Hz, which 
corresponds to the first 12 non-zero modes. 
 
Figure 8. FRF, left:Output in force direction (P1), right:Output perpendicular to the force input (P2) 
5. Conclusion 
In this paper, a very easy method for creating a FE-Model for a stator of a PMSM is investigated. 
It is merely necessary to know the geometry of the stator without windings and the mass of the sta-
tor with windings. The material parameters for the electrical steel are in general known. Further-
more an experimental modal analysis of the stator with windings needs to be performed.  
With this information and the developed method a FE-Model can be derived in a few steps. The 
FE-Model is not only validated by an eigenfrequency calculation, it is also proved by the compari-
son of mode shapes, which is indispensable for a reliable model setup. Finally the damping values 
are fitted by using the FRFs. The derived model can be used for further simulations like presented 
in [14]. 
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